The question being examined is whether one or more morphologically distinct cell types can be identified in the conducting airways of adult rabbits possessing stem cell functions. The term "stem cell" is used to denote cells with extensive self-replicating potential and the ability to produce differentiated progeny. According to various models of cell renewal in the conducting airways that have been proposed over the years, two different cell types have to be regarded as primary candidates for the stem cell: basal cells and some type of secretory cells. The question is complicated by the fact that significant differences exist between species in the distribution and morphological characteristics of airway cell types. In addition, different airway segments may or may not be occupied by different populations of stem cells. Previously, investigators have addressed the problem by studying normal cell regeneration or injury induced cell regeneration in vivo in the whole animal. We decided to attempt a different approach, namely, to separate specific cell types and to study the proliferation and differentiation capacity of such cell isolates using in vitro and in vivo cell culture techniques. Our studies lead us to conclude that the conducting airways ofadult rabbits contain at least two distinct cell populations endowed with stem cell potential, namely basal cells and bronchiolar Clara cells. From that it follows that the trachea and bronchi, on one hand, and the bronchioles, on the other hand, are occupied by two different stem cell populations governing renewal of the epithelial lining.
Introduction
The epithelium of the conducting airways normally has a rather low cell turnover rate when compared with other surface epithelia such as the epidermis and the lining of the intestinal tract. It is composed of five to six major cell types: basal cells, mucous and serous cells, Clara cells which in most species are confined to the bronchioles, neuroendocrine cells (also called Kulchitsky cells), and ciliated cells. The latter have rarely been observed to undergo cell division and are usually regarded as being terminally differentiated, analogous to the fully differentiated keratinocytes of the epidermis.
The tracheobronchial mucosa is a target for a host of airborne toxic agents: bacterial and viral agents, allergens, reactive gases, aerosols, and irritant particles. Exposure to such agents commonly results in marked increases in cell proliferation and in transient or longlasting changes in differentiation, so-called mucous or squamous metaplasias. The latter are typically seen in wound healing after exposure to carcinogens and during severe retinoid deficiency.
Our laboratory is engaged in studies concerning the regulation of proliferation and differentiation of airway epithelium and also cellular pathways of differentiation that determine the progenitor-progeny relationship between the different cell types (1) (2) (3) . It is hoped that these investigations will provide information needed for an understanding of the responses of airway epithelium to toxic agents as well as of the events leading to neoplastic transformation. It is of particular importance to determine which cells in the respiratory epithelium have stem cell properties, since stem cells may be the major transformable target for carcinogens (4) . Thus it is conceivable that all of the different histological types of bronchogenic carcinoma originate from one cell type, provided the respiratory epithelium contains only one cell type with stem cell potential.
Currently, two simple models of cell renewal in mature tracheobronchial epithelium exist. The older model postulates that the basal cell acts as the principle stem cell in the conducting airways, giving rise to the various secretory cells and ciliated cells. It is largely based on cell turnover studies of normal respiratory epithelium using 3H-thymidine as a marker of cell proliferation (5-? (8) (9) (10) (11) postulates the secretory cell to be the pivotal cell from which most other cells develop, including squamous cells arising in the bronchial mucosa during severe retinoid deficiency (10) . The evidence on which this model is based stems from studies of regeneration of chemically or physically injured epithelium (and from vitamin A deficiency studies) which suggested that basal cells only generate basal cells and that the secretory cells of the trachea and bronchus are responsible for regeneration of the epithelium (and for generating squamous cells during vitamin A deficiency). The function assigned to basal cells that are anchored to the basement membrane with hemidesmosomes is to provide attachment for secretory and ciliated cells (12) . How Clara cells and neuroendocrine cells fit into either one of these two models is not clear.
In this presentation we will address the following three interrelated questions: a) Which cells in the adult tracheobronchial mucosa have stem cell properties? b) Is there more than one morphologically distinct cell type that possesses stem cell potential? c) Are the different airway segments populated by one and the same stem cell population? The term "stem cell" is used to designate cells having extensive self-renewal capacity and the ability to generate differentiated progeny. To date, our studies have concentrated on the differentiation potential of two cell types obtained from respiratory tract tissues of adult rabbits: tracheal basal cells and bronchiolar Clara cells (2, 3, 13, 14) . The pertinent findings will be summarized and discussed below.
Experimental Approach
The experimental approach we chose for our studies (2, 3, 13, 14) consisted essentially of two parts. First, specific epithelial cell populations were isolated from rabbit tracheas and lungs, respectively. This was done by enzymatic dissociation of tracheal epithelium or whole lungs, followed by centrifugal elutriation, yielding tracheal basal cell fractions containing > 90% basal cells and pulmonary Clara cell fractions containing 85% Clara cells. (Separation of Clara cells involves first Percoll density gradient centrifugation and then centrifugal elutriation.) The cellular composition of these fractions was established by light and electron microscopy. In the second step the purified cell populations were tested in an in vitro culture system for their ability to proliferate and in an in vivo culture system for their ability to differentiate. The in vivo test was necessary since the available in vitro systems only support partial expression of differentiation of rabbit airway cells.
The in vivo culture system consists of tracheal grafts stripped of their own epithelium by repeated freezing and thawing; the tracheas were inoculated with the cell suspension to be tested and were then transplanted subcutaneously into nude mice (15 Figure 1 shows that the cell separation procedure used in these studies very effectively isolated a fraction of small cells from tracheal cell suspensions. Electron micrographs made from pellets of such cell fractions showed small cells with high nuclear to cytoplasmic ratios (Plate 1). The scanty cytoplasms contained few organelles, tonofilament bundles were prominent, and the nuclei were indented and showed prominent heterochromatin. Differential cell counts made using electron micrographs and Papanicolaou-stained cytospin preparations showed that approximately 90% of the isolated cells were basal cells (Thble 1).
We tested the ability of such basal cell fractions to grow in tissue culture and to form colonies when cultured at low clonal cell densities (determination of colony forming efficiency). This was done to examine the proliferative potential of basal cells, to compare it with that of unseparated tracheal cell suspensions, and to determine whether it is possible to raise single cell clones from basal cell fractions.
These experiments showed that basal cell fractions grew well in cell culture and had about the same colony forming efficiency as unseparated tracheal cells, in 
Morphological Evaluation of Tracheal Grafts Repopulated with Basal Cell Fractions and Basal Cell Clones
The initial studies were performed with basal cell fractions (rather than basal cell clones) which were inoculated into tracheal grafts. Of 17 tracheas inoculated, 13 (76%) were reepithelialized with an epithelium containing basal cells, secretory cells, and ciliated cells, as determined by light and electron microscopy. The morphological findings of these experiments will be discussed together with the clonal studies, because the results of the two studies were the same in all respects.
A total of 39 basal cell clones and 25 clones derived from unseparated tracheal cells were inoculated into denuded tracheal grafts. Four weeks after transplantation, the grafts were examined by light and electron microscopy. As is evident from the data summarized in Table 2 (14) . (7, 19) . However, in rabbits and hamsters, Clara cells or Claralike cells have been reported to occur also in the large airways (20) . For the sake of clarity we will refer to bronchiolar, nonciliated secretory cells as Clara cells and to tracheal cells with morphological features similar to those of Clara cells as Claralike cells. The most characteristic morphological features of Clara cells are as follows: abundant smooth endoplasmic reticulum, small electron-dense secretory granules that do not react with mucous stains, and a low cuboidal shape-as opposed to the tall columnar shape of secretory cells in the tracheobronchial tree (7, 19, 21) . The Clara cell has been shown to be rich in enzymes involved in drug metabolism (22) (23) (24) . In addition, this cell appears to play a key role in maintaining the integrity of the bronchiolar epithelium and has been reported to be responsible for regeneration of that epithelium following toxic irnury (25) .
The purpose of the studies described in this paper was to examine the proliferation and differentiation capacity of the Clara cells. Since Clara cells do not grow sufficiently in vitro to derive single cell clones, these studies were conducted with Clara cell fractions (2,13).
Characterization of Clara Cell Fractions
Clara cell fractions obtained from whole lung digests contained between 80 to 85% Clara cells, which were What have we learned from our experiments about differentiation pathways in the conducting airways, and which questions remain unresolved? We will first discuss the role of basal cells in tracheal cell differentiation. Our data strongly suggest that, at least in the rabbit, tracheal basal cells have stem cell potential, they are self-replicating and can generate secretory as well as ciliated progeny. However, it is conceivable that the basal cell compartment is functionally nonhomogeneous. Even at the morphological level, some heterogeneity can be observed. As described previously (14) , approximately 10% of the basal cells are slightly larger than the rest of the basal cells, have more abundant cytoplasm, and are less electron dense. Whether this variation in basal cell morphology is of functional significance is not known. Biochemical and antigenic markers are needed to define the cell types in a biologically meaningful way.
The tracheal epithelium of the rabbit contains two morphologically distinct secretory cells (20) . The most common one is a cell resembling in many respects bronchiolar Clara cells, the Claralike cell. The other secretory cells are typical mucous goblet cells. Whether these two tracheal cell types represent different functional states of the same secretory cell, whether they are two separate cell types derived from a common progenitor, or whether they belong to two separate cell lineages is not known.
Our studies do not provide an unequivocal answer to this puzzle. However, it may be significant that the spectrum of secretory cell morphologies in tracheas repopulated with unseparated tracheal cells did not differ from that of tracheas repopulated with basal cell inocula. In both cases, the reestablished epithelium contained a small number of typical goblet cells and cells with small discrete secretory granules, cytochemically and ultrastructurally identified as mucous granules. These cells exhibited varying amounts of smooth and rough endoplasmic reticulum.
It is not clear why typical Claralike cells, as described in rabbit tracheas by Plopper (20) , were not found. We interpret these findings to suggest that perhaps all tracheal secretory cells, including Claralike cells, are derived from a common progenitor and are variations of the same secretory cell phenotype. Obviously, other interpretations are possible and new experimental tools need to be applied to resolve this problem.
What do our studies reveal about the differentiation capacity of bronchiolar Clara cells? It needs to be emphasized that the tracheal in vivo culture system was found to support the typical differentiation pattern of bronchiolar Clara cells, but not of tracheal Claralike cells described by Plopper et al. (20) . This is important because tracheal Claralike cells did not develop in tracheas repopulated with cells of tracheal origin, even though Claralike cells must have been present in the inoculum. Our studies suggest that tracheal Claralike cells and bronchiolar Clara cells are not the same cell type. Bronchiolar Clara cells were found to be self-replicating and to give rise to ciliated cells. Thus, we consider them to have stem cell properties. Tracheas inoculated with bronchiolar Clara cells did not contain basal cells or mucous cells (2) . We conclude therefore, that in the adult rabbit, bronchiolar Clara cells and their ciliated progeny represent a cell lineage separate from the epithelial cells of the large conducting airways. (We want to emphasize that these experiments do not address the question of embryologic derivation of cell types.) It appears that the epithelium of the large airways and the epithelium ofthe bronchioles are maintained by two separate stem cell populations: basal cells on one hand and Clara cells on the other. These findings are surprising in view of the apparent anatomical continuity of the large and small airways. We had expected that the bronchiolar Clara cell might simply be a modified tracheobronchial secretory cell endowed with a differentiation potential similar to that of tracheal secretory cells, if placed in the same environment. That, however, clearly is not the case.
There are other findings that support the view that, in the adult rabbit, tracheal cells and bronchiolar cells are separate populations endowed with different growth and differentiation potentials (Jetten et (20, 24 For the purpose of guiding future studies, we propose the following model of cell differentiation in the conducting airways of the rabbit (Fig 3): a 
